1. Introduction {#sec1}
===============

Obesity is a disease characterized by excessive white adipose tissue (WAT) accumulation caused by an imbalance between input and expenditure of energy over time [@bib1], [@bib2]. Excess adiposity is associated with several chronic diseases [@bib3], [@bib4] and also compromises the normal physiological regulation of adipogenesis/lipolysis leading to the so-called lipolytic catecholamine resistance in adipocytes [@bib5], [@bib6], [@bib7]. Lipolysis, the hydrolysis of triacylglycerol (TAG) into non-esterified free fatty acids (FFA) and glycerol, has a central role in lipid storage and energy homeostasis. Preventing fat accumulation and fine-tuning lipid breakdown are key to normalizing obesity and its comorbidities. However, the pharmacological exploitation of lipolytic processes as an anti-obesity strategy has so far been hindered by metabolic and cardiovascular side effects exerted by potent pro-lipolytic molecules such as norepinephrine (NE), sympathomimetics, as well as peptides eliciting increased intracellular cAMP or cGMP levels [@bib8], [@bib9], [@bib10], [@bib11]. Thus, identifying alternative, safer pathways to increase lipolysis would be of major translational relevance. Specifically, molecules that are *per se* not pro-lipolytic but that act as downstream enhancers/sensitizers of endogenous adrenergic-stimulation of lipolysis have the potential to decrease fat mass without causing an overshoot of circulating free fatty acids and associated insulin resistance.

Here we identified a novel lipolytic and anti-obesity mechanism exerted by TLQP-21, a neuropeptide encoded by the pro-peptide VGF (non-acronymic), that targets primarily the complement 3a receptor 1 (C3aR1) on the adipocyte membrane [@bib12], [@bib13], [@bib14], [@bib15]. TLQP-21 is expressed in the central nervous system and peripheral nervous system, including sympathetic nerve terminal in the adipose tissue [@bib12], [@bib13], [@bib16]. Intracerebroventricular infusion of TLQP-21 in mice prevents the onset of obesity by increasing energy expenditure [@bib12]. Furthermore, TLQP-21 modulates adrenergic-induced lipolysis and increases sympathetic innervation to the fat pads [@bib13], attenuates the development of type 2 diabetes via enhancement of islet β-cell survival and function [@bib17], and normalizes obesity-induced hypertension [@bib18]. Importantly, obese mice are characterized by low expression of VGF C-terminal peptides, including TLQP-21 [@bib19], and by increased expression of C3aR1 [@bib13], [@bib20], overall suggesting that the altered TLQP-21/C3aR1 pathway is functionally associated with obesity. However, the molecular mechanism is still largely uncharacterized.

In this study, we showed that TLQP-21 does not possess lipolytic properties *per se*. Rather, it enhances β-adrenergic receptor (β-AR) activation-induced lipolysis by a mechanism requiring Ca^2+^ mobilization and ERK activation of Hormone Sensitive Lipase (HSL). Furthermore, chronic peripheral TLQP-21 treatment can decrease body weight and fat mass in diet induced obese mice by a mechanism requiring C3aR1 receptor and concomitant β-AR receptor activation without the adverse metabolic effects normally associated with the use of adrenergic receptor agonists. These results identify a novel calcium-mediated mechanism for the control of lipolysis and, in the context of a previously established safe cardiovascular profile [@bib12], [@bib18], establish TLQP-21/C3aR1 as a novel promising target for anti-obesity therapies.

2. Methods {#sec2}
==========

2.1. Experimental animals {#sec2.1}
-------------------------

β1,β2,β3-AR deficient (β-less) mice and their respective WT background strain [@bib21], C3aR1 KO and their respective WT background strain, BALBc/J (Jackson Labs), and Sprague Dawley male rats (∼400 g; Charles River) were used in the *in vivo* experiments. All protocols were approved by the University of Minnesota or the Mayo Clinic Institutional Animal Care and Use Committees (IACUC).

2.2. Peptides {#sec2.2}
-------------

TLQP-21 and the R21A mutant were synthesized as previously described [@bib14].

2.3. Cell culture {#sec2.3}
-----------------

3T3-L1 cells (from Molecular and Cellular Basis of Obesity Core, Minnesota Obesity Center) were plated on 6-well plates and maintained in DMEM with supplemented with 10% fetal calf serum (FCS) (Lonza) and with 100 units/ml of penicillin/streptomycin (Invitrogen, Carlsbad, CA) in a humidified atmosphere of 5% CO~2~ at 37 °C. Media was changed every other day until cells were confluent. Once confluent, differentiation into adipocytes was initiated by using a differentiation cocktail containing 10% fetal bovine serum (FBS) (Atlas) 0.5 mM methylisobutylxanthine (Sigma Aldrich, Saint Louis, MO), 10 μg/ml insulin (Sigma Aldrich, Saint Louis, MO), and 0.25 μM dexamethasone (Sigma Aldrich, Saint Louis, MO). After 48 h, the media was replaced with FBS medium supplemented only with 10 μg/ml insulin, which was removed after 2 days. Thereafter, the differentiated cells were maintained in DMEM with 10% FBS and media changed every other day until used in experiments 8--9 days after induction.

Perigonadal white adipose tissue (pWAT) from WT and β-less mice was dissected under sterile conditions and washed in KRH buffer + 1% BSA fatty acid free (Roche). After finely mincing and digesting the tissue using collagenase type II (Sigma) for 30 min at 37 °C in KRH buffer + 1%BSA, the digestion was then stopped by adding KRH + 1% BSA and the cell suspension centrifuged at 200 g for 3 min to separate mature single adipocytes from the stromal vascular fraction. The adipocyte cell suspension was extensively washed and passed through a 100 μM cell strainer to separate single cells. A similar protocol was used for the isolation of pre-adipocytes, where HBSS was used instead of KRH for the isolation process. The cell suspension was filtered through a 25 μM mesh to remove endothelial cells. Isolated stroma vascular cells were plated onto 12-well plates in DMEM/F12 + 10%FCS at a density of 150,000 cells/cm^2^. Once confluency was reached, differentiation was induced by the addition of induction media containing 250 μM methylisobutylxanthine (Sigma Aldrich, Saint Louis, MO), 10 μg/ml insulin (Sigma Aldrich, Saint Louis, MO), 100 nM dexamethasone (Sigma Aldrich, Saint Louis, MO), and 60 μM of indomethacin. After 48 h, the induction media was replaced with insulin containing media, which was removed after 2 days. From that day forward, the maintenance media, DMEM/F12 + 10% FBS, was replaced every other day, and differentiated cells were used at day 8--9 after induction.

2.4. Lipolysis experiments *in vitro* {#sec2.4}
-------------------------------------

3T3-L1 adipocytes were serum-starved in Krebs--Ringer buffer containing HEPES (KRH buffer) (NaCl at 120 mM; KCl at 4.7 mM; CaCl~2~ at 2.2 mM; HEPES at 10 mM; KH~2~PO~4~ at 1.2 mM; MgSO~4~ at 1.2 mM; glucose at 5.4 mM) supplemented with 1% bovine serum albumin (BSA) fatty acid free (Roche) for 3 h. Following starvation, the cells were incubated with KRH buffer containing 4% BSA with TLQP-21 or C3a (10 nM -- 1 μM) in the presence and absence of isoproterenol (ISO) (Sigma) at concentrations ranging from 1 nM to 1 μM or forskolin (100 nM--10 μM) (Sigma). For the Ca^2+^ mobilization experiments, intracellular chelator 1,2-bis (*o*-aminophenoxy)ethane-*N*,*N*,*N*′,*N*′-tetraacetic acid tetra (acetoxy-methyl) ester (BAPTA-AM) (Sigma) and/or ethylene glycol tetraacetic acid (EGTA) (1 mM) was used. Briefly, 3T3-L1 differentiated cells were pre-exposed to 5 μM BAPTA-AM for 10 min in KRK-4% BSA, then removed and replaced with buffer containing 100 nM ISO and 100 nM TLQP-21 treatments or the combination of both treatments. 1 mM EGTA was added along with 100 nM ISO, 100 nM TLQP-21 or both treatments for 3 h. Lipolysis with U0126 (Calbiochem) was performed on cells pretreated with 1 μM U0126 for 1 h, then exposed to ISO and TLQP-21. All 3T3-L1 cells lipolysis measurements were made over a 3 h period at 37 °C and 5% CO~2~.

In the WT and β-less primary adipocytes\' lipolytic experiments, 150--200,000 adipocytes were incubated in KRH buffer + 4% BSA with ISO (1 nM, 10 nm, 100 nM, 1 μM, 10 μM) or Forskolin (10 μM) for 180 min at 37 °C with constant shaking at 140 rpm.

In all experiments, lipolysis was measured as the rate of glycerol release into the induction media. Following the incubation period, the media was collected, placed on ice for 10 min, and then placed in a water bath at 60 °C for 20 min to inactivate any residual enzymatic activity. The induction media was then stored at −20 °C until the glycerol assay was performed. Glycerol concentration in the conditioned media was measured using the Free Glycerol Determination kit (Sigma) in a flat-bottom 96-well plate following the manufacturer\'s instructions All samples were allowed to incubate for 15 min at room temperature prior to measuring the absorbance at 540 OD on a plate reader (Synergy H1, BioTEK). Glycerol content was normalized to total cellular protein content determined by Bradford Assay (Thermo Scientific). The data were normalized to the control response detected in the same experiment and expressed as fold change over controls.

2.5. mRNA extration, reverse transcription and quantitative real-time PCR {#sec2.5}
-------------------------------------------------------------------------

RNA was obtained by homogenizing around 50--100 mg of frozen tissue in 500 ml of TRI REAGENT (Molecular Research Center, Inc., Cincinnati, Ohio) on ice following manufacturer\'s instructions. Total RNA was digested with Dnase I using DNA-free (Ambion, Austin, TX) and tested for the presence of DNA contamination using PCR. Total RNA concentration and purity was then determined by spectrophotometer at 260 nm (NanoDrop 2000 UV--Vis Spectrophotometer, Thermo Scientific). 500 ng of RNA was converted into cDNA using iScript cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA) and relative quantification of mRNAs was performed with 3.5 μl of cDNA used in each 11.5 μl real-time-RT-PCR reaction using C1000 thermal cycler™ (Bio-Rad Laboratories, Hercules, CA). The PCR reactions were carried out using IQ™ Syber Green Supermix (BIO-RAD). Primers for the target genes are presented in [Table S1](#appsec2){ref-type="sec"}. Thermal cycling parameters were as follows: an initial denaturing step (95 °C for 10 min), followed by 40 cycles of denaturing, annealing, and extending (95 °C for 45 s, 58 °C for 45 s and then 60 °C for 1 min, respectively) in a 96-well BioRad plate. The results were calculated by the comparative C~t~ method using β-actin as an endogenous reference gene, according to the Applied Biosystems ABI PRISM 7700 User Bulletin \#2. The expression relative to β-actin was determined by calculating 2^−ΔCt^.

2.6. Western blot {#sec2.6}
-----------------

3T3-L1 adipocytes were rinsed 3X with cold PBS and harvested in RIPA buffer containing protease (Complete Mini, Roche) and phosphates inhibitors (Thermo Scientific). Cells were incubated for 10 min [@bib13] with ISO (50 nM), TLQP-21 (10 μM) or a combination of the two treatments in presence or absence of pre-incubation for 1 h with U0126 dissolved in DMSO (0.002%) or vehicle alone. Lysates were then sonicated and centrifuged at 12,000 rpm for 10 min to remove nuclei. Protein was determined by BCA assay (Thermo Scientific) and an equivalent concentration of cell lysates were prepared in sodium dodecyl sulfate (SDS) sample buffer and boiled for 5 min at 95 °C. Proteins were resolved by a (4--20%) SDS-polyacrylamide gel electrophoresis (Bio-Rad) and transferred to a PVDF membrane (Bio-Rad) by using a turboblot system from Bio-Rad. Individual proteins were detected with the specific primary antibodies by overnight incubation at 4 °C (tubulin \#2146), pHSL (Ser660; \#4126), pERK1/2 (Thr202/Tyr204, \#9101) all from Cell Signaling at 1:1000 dilution. The HRP conjugated anti-rabbit antibody was used as a secondary antibody at 1:7000 dilutions and the blot was exposed to luminol enhancer solution by using ECL prime reagent (GE health care), further imaged using a chemidoc documentation system from Bio-Rad laboratories.

2.7. *In vivo* peptide treatment experimental procedure {#sec2.7}
-------------------------------------------------------

4--6 weeks old male mice were used in these experiments. Before starting the experiments, mice were housed in same-sex groups (3--4 per cage) under standard laboratory conditions at a constant temperature of 22 ± 2 °C in a 12 h light/12 h dark cycle, with chow and water available ad libitum. Mice were fed a 60% kcal high-fat diet (HFD, D12492, -- Research Diets, Inc. 5.24 kcal/g) for 9 weeks to induce a diet-induced obesity phenotype that continued for the entire duration of the pharmacological treatment or a standard diet (STD, D12405B, Research Diet, 3.85 kcal/g, 10% kcal from fat). After 9 weeks on HFD, the obese mice were individually housed for baseline recording of body weight, food intake, and body composition. Afterwards, mice were randomized to receive peptide (TLQP-21 [@bib12] or R21A [@bib14] 5 mg/kg/d) or saline daily via i.p. injection (the dose was chosen based on published results [@bib13], [@bib17] and a preliminary dose--response experiment (data not shown)). Food intake and body weight were monitored every other day. Whole body composition scanning was performed weekly using the Echo-MRI 3-in-1 (Echo Medical System). Glucose tolerance testing (GTT) was performed on week 3 of treatment. On week 4, whole body energy expenditure was monitored using indirect calorimetry. Mice were decapitated following brief CO~2~ anesthesia, and pWAT and subcutaneous (sc) WAT were manually collected, snap frozen and stored at −80 °C. Liver and quadriceps muscle biopsies were dissected and tissue composition analyzed with the EchoMRI 3-in-1.

2.8. Indirect calorimetry {#sec2.8}
-------------------------

Oxygen consumption (VO~2~) and carbon dioxide production (VCO~2~) were measured using the Oxymax Comprehensive Lab Animal Monitoring System (Columbus Instruments). Energy expenditure was calculated with the formula provided by the manufacturer, expressed as kcal/h and analyzed with body weight as continuous predictors in an ANCOVA model [@bib22], [@bib23].

2.9. Acute lipolysis *in vivo* {#sec2.9}
------------------------------

Sprague Dawley male rats (∼400 g) were acutely catheterized in a tail artery under local anesthesia for repeated blood collections. Briefly, the rats were restrained in a supine position in a clear plastic cylinder with the tail fully exposed in the lower end. Lidocaine (2%) was injected subcutaneously using an insulin syringe on the ventral side of the tail root. When reflexes in the tail disappeared, a 1 cm-incision was made in the ventral skin 1 inch distal to the injection site at the tail root. The subcutaneous tissues were carefully separated with precision surgical instruments to expose the tail artery. A 22 gauge 1 inch (0.9 × 25 mm) flexible plastic catheter (BD InsyteTM I.V. catheter, BD VialonTM Material, Ref. \#381223, Becton Dickinson Infusion Therapy System, Sandy, UT) was then inserted into the artery and secured with sutures to a nearby ligament to prevent accidental pull-out. The skin incision was closed by sutures and covered up using sticky tape with layers of absorbent paper underneath that were saturated with the longacting local anesthetic bupivacaine. The catheterized rats were transferred into a metabolic cage with the entire tail and the catheter exposed to the exterior through a hole in the cage wall. After 30 min of recovery in the cage, an intravenous infusion line was installed in a lateral tail vein instantaneously by transdermal venipuncture. The experiments were conducted in the morning under natural living conditions (i.e., non-fasting). Blood samples were taken at 5--10 min intervals for the measurement of FFA concentrations. ISO infusion (30 ng/min) was then started and continued for 60 min. After 15 min of equilibration, TLQP-21 (40 μg) (n = 8) or saline (n = 8) was injected via the infusion line as a bolus.

2.10. NMR lipidomic {#sec2.10}
-------------------

Lipids were extracted from plasma by chloroform:methanol:water extraction with the final solution containing chloroform:methanol (1:2, v/v) and 3,4,5-trichloropyridine as an internal standard. NMR spectra were using a gradient-enhanced 1D NOESY-pre-saturation pulse sequence for water suppression on a Bruker Avance III 700-MHz spectrometer with a TCI 1.7-mm cryoprobe at the Minnesota NMR Center. Acquisition parameters were as follows: 2 s relaxation delay, 4.1 ms mixing time, 4 s acquisition time, 20 ppm sweep width, 8 dummy scans, and 128 transients. 1H 90° pulse width and transmitter offset were optimized for each sample. All spectra were zero-filled to 128 k data points, Fourier transformed with 1 Hz line broadening applied, manually phased, baseline corrected, and integrated using Topspin software [@bib24], [@bib25].

2.11. Statistical analysis {#sec2.11}
--------------------------

Statistical analyses were performed with Statistica 12.0 (Dell Inc.), and significance was set at p \< 0.05. Data were analyzed with t-test or analysis of variance (ANOVA) followed by Tukey post hoc test. For the *in vitro* experiments, data are reported as the means ± SEM from at least 2--5 independent experiments with n = 3 for each experiment. Sample size for the *in vivo* experiments are provided in the figure legends.

3. Results {#sec3}
==========

3.1. C3aR1 activation is not pro-lipolytic *per se* but enhances β-adrenergic-induced lipolysis in adipocytes {#sec3.1}
-------------------------------------------------------------------------------------------------------------

TLQP-21 recently emerged as a neuropeptide modulator of lipolysis and an endogenous ligand for the C3aR1 [@bib13], [@bib14], [@bib15]. Consistent with the function of TLQP-21 as an enhancer of β-AR induced lipolysis ([@bib13], [@bib14] and [Figure 1](#fig1){ref-type="fig"}A) we showed that the C3aR1 agonist C3a~70--77~ [@bib26], [@bib27] is not pro-lipolytic *per se* but enhanced lipolysis induced by the non-selective βAR agonist isoproterenol (ISO) in 3T3-L1 adipocytes ([Figure 1](#fig1){ref-type="fig"}B, [Figure S1A](#appsec2){ref-type="sec"}), thus mimicking the effect exerted by TLQP-21.

The best characterized pro-lipolytic pathway in adipocytes involves Gs-mediated increase of cAMP and PKA phosphorylation [@bib8]. Previous work demonstrated that TLQP-21 treatment and C3aR1 activation do not increase \[cAMP\]~i~ and PKA substrate phosphorylation, yet TLQP-21 robustly enhances βAR-mediated lipolysis [@bib13], [@bib14], [@bib15]. To investigate the requirement of βAR signaling for the TLQP-21 pro-lipolytic effect, we compared the lipolytic effect exerted by the peptide in presence of the βAR agonist ISO or the adenylate cyclase (AC) activator forskolin (Forsk). As expected [@bib28], [@bib29], ISO and Forsk induced a dose-dependent increase of free glycerol release from 3T3-L1 adipocytes ([Figure S1](#appsec2){ref-type="sec"}A,C). TLQP-21 enhanced lipolysis induced by both ISO and Forsk ([Figure 1](#fig1){ref-type="fig"}A,C), indicating that cAMP mobilization is critical for TLQP-21-induced lipolysis. To further extend our results, we used adipocytes from β~1~, β~2~, β~3~-AR deficient (β-less) mice. β-less adipocytes were unresponsive to ISO treatment but responsive to Forsk, indicating that the lipolytic pathway downstream of β-AR activation is maintained [@bib30] ([Figure S1D](#appsec2){ref-type="sec"}). Similarly to the effects exerted in 3T3-L1, TLQP-21 potentiated Forsk-induced lipolysis in primary β-less adipocytes ([Figure 1](#fig1){ref-type="fig"}D) although with a slightly different pharmacology compared to 3T3-L1 cells that can be explained by the altered signaling and biogenesis characteristic of this model [@bib21], [@bib30].

Overall, our findings demonstrate that βAR and adenylate cyclase activation exert a permissive effect on TLQP-21-induced lipolysis.

3.2. TLQP-21 increases lipolysis via a mechanism dependent upon intracellular Ca^2+^ mobilization and ERK activation {#sec3.2}
--------------------------------------------------------------------------------------------------------------------

TLQP-21 treatment and C3aR1 activation increase intracellular Ca^2+^ concentration (\[Ca^2+^\]~i~) in several cell types [@bib15], [@bib31], [@bib32], [@bib33], [@bib34], [@bib35]. Therefore, we hypothesized that TLQP-21-prolipolytic effect is \[Ca^2+^\]~i~-mediated. To provide functional evidence of this mechanism 3T3-L1 adipocytes were pretreated with the intracellular Ca^2+^ chelator BAPTA-AM, a cell-permeable molecule enzymatically converted to the non cell-permeable Ca^2+^ chelator BAPTA once within the cell, and measured lipolysis in presence of ISO with or without TLQP-21. BAPTA-AM had no effect on ISO-induced lipolysis while it abrogated TLQP-21-induced enhancement of ISO-stimulated lipolysis ([Figure 2](#fig2){ref-type="fig"}A). Additionally, to determine if TLQP-21 stimulated Ca^2+^ uptake from the extracellular medium, cells were treated with EGTA, an extracellular Ca^2+^ chelating agent. As observed with BAPTA-AM, EGTA pretreatment had no effect on ISO-induced lipolysis while it prevented the TLQP-21-induced enhancement of ISO-stimulated lipolysis ([Figure 2](#fig2){ref-type="fig"}B). Overall, our data indicate that Ca^2+^ mobilization involving activation of Ca^2+^ uptake from the extracellular media is required for TLQP-21 enhanced lipolysis. However, we were unable to detect changes in \[Ca^2+^\]~i~ using FURA-AM even after priming the cells with ATP/UTP (data not shown) [@bib15], a result which is consistent with the lack of PLC/PKC phosphorylation induced by TLQP-21 in adipocytes [@bib13].

The role of \[Ca^2+^\]~i~ in adipocyte function is poorly understood. Increased \[Ca^2+^\]~i~ has been shown to modulate lipolysis via the Raf/MAPK/ERK pathway [@bib36], [@bib37], [@bib38], [@bib39], and TLQP-21 enhanced ISO-induced phosphorylation of ERK and HSL [@bib13]. Overall, these findings led us to hypothesize that TLQP-21 activation of C3aR1 could signal via the MAPK/ERK pathway to potentiate ISO-induced lipolysis. Consistent with this hypothesis, pretreatment with the MAPK inhibitor U0126 completely prevented TLQP-21-induced pro-lipolytic effect without altering ISO-induced lipolysis ([Figure 2](#fig2){ref-type="fig"}C). Furthermore, U0126 also abolished TLQP-21 potentiation of ISO-induced ERK and HSL phosphorylation ([Figure 2](#fig2){ref-type="fig"}D). Overall, these data demonstrate that TLQP-21-enhancement of β-AR induced lipolysis is mediated by intracellular Ca^2+^ mobilization and ERK activation resulting in enhanced HSL activation ([Figure 2](#fig2){ref-type="fig"}E).

3.3. TLQP-21 acutely enhances β-adrenergic receptor-induced lipolysis *in vivo* {#sec3.3}
-------------------------------------------------------------------------------

Having characterized the TLQP-21 pro-lipolytic mechanism *in vitro*, we tested the acute effect of TLQP-21 on ISO-induced lipolysis *in vivo* using a rat model. Lipolysis more than doubled during continuous ISO-infusion, while it progressively decreased in saline injected rats likely due to tachyphylaxia [@bib40], [@bib41]. In contrast, there was no decrease of FFA in the TLQP-21 treated group ([Figure 3](#fig3){ref-type="fig"}A). This result is consistent with the *in vitro* data and suggests that TLQP-21 functions as an enhancer of adrenergic receptor-induced lipolysis *in vivo* as well.

3.4. Mechanism of TLQP-21-induced anti-obesity effect in mice {#sec3.4}
-------------------------------------------------------------

The *in vitro* and *in vivo* lipolytic effect exerted by TLQP-21 prompted us to test whether chronic TLQP-21 treatment would exert an anti-obesity effect by a mechanism requiring βARs and C3aR1. Diet-induced obese WT and β-less mice were injected daily with TLQP-21 (5 mg/kg i.p.) or saline for 4 consecutive weeks. After the first week of TLQP-21 treatment, WT mice displayed a significant decrease in body weight compared to controls; this difference was maintained over the course of 28 days of treatment ([Figure 3](#fig3){ref-type="fig"}B; [Table S2](#appsec2){ref-type="sec"}). A significant decrease in fat mass in WT TLQP-21-treated mice was observed and no change in fat-free mass ([Figure 3](#fig3){ref-type="fig"}B) and food intake ([Figure S2A](#appsec2){ref-type="sec"}) were detected. Conversely, β-less mice receiving the same chronic TLQP-21 treatment displayed no reduction in body weight, food intake, fat or fat-free mass compared to saline-treated controls ([Figure 3](#fig3){ref-type="fig"}C).

It has previously been proposed that TLQP-21 activates a feed-forward pro-lipolytic mechanism [@bib13] potentially capable of reversing obesity-associated lipolytic catecholamine resistance [@bib5]. Chronic TLQP-21 treatment normalized high fat diet-induced downregulation of β3AR while further up-regulating the obesity-induced increased of C3aR1 mRNA [@bib13], [@bib20] in the pWAT of WT but not of β-less mice ([Figure 3](#fig3){ref-type="fig"}D-F). Interestingly, C3aR1 expression was indistinguishable between WT and β-less mice fed STD (WT = 0.023 ± 0.007, β-less = 0.014 ± 0.004 C3aR1/β-actin), while it was upregulated by HFD more in β-less than in WT mice ([Figure 3](#fig3){ref-type="fig"}F), further supporting the requirement of concomitant β-AR and C3aR1 signaling for TLQP-21 anti-obesity effect. Additionally, in line with the TLQP-21 anti-obesity effect, the expression of some molecular markers of mitochondrial function and thermogenesis were increased in scWAT of WT but not β-less mice ([Figure S2G](#appsec2){ref-type="sec"},H).

Based on these results and on the acute effect exerted by TLQP-21 on lipolysis ([Figure 3](#fig3){ref-type="fig"}A), we performed a MRI-based lipidomic profiling of plasma from WT mice chronically treated with TLQP-21 under fed and fasted conditions. Consistent with the mild, acute pro-lipolytic effect, TLQP-21-treated WT mice showed a mild, but not statistically significant, increase of plasma FFA ([Figure S2D](#appsec2){ref-type="sec"}) without any change in the other lipid species measured ([Table S3](#appsec2){ref-type="sec"}). These results prompted us to determine if there was an associated change in energy expenditure. Somewhat surprisingly, chronic peripheral TLQP-21 treatment was not associated with increased energy expenditure measured with indirect calorimetry during the fourth week of treatment in either WT and β-less mice ([Figure S2A](#appsec2){ref-type="sec"},B), a finding that was confirmed in follow-up sub-chronic treatment experiments ([Figure S3](#appsec2){ref-type="sec"}). This result is at variance with the central effect of TLQP-21 infusion on energy expenditure [@bib12], thus providing additional evidence that the central and peripheral anti-obesity mechanisms of the peptide are distinct [@bib12], [@bib13], [@bib42], [@bib43].

Next we examined whether the TLQP-21 induced mild, pro-lipolytic and anti-obesity effects were associated with altered glucose metabolism or ectopic fat deposition. In spite of reduced body weight and adiposity, fasting glycemia and glucose tolerance were not significantly improved by chronic TLQP-21 treatment in WT mice ([Figure S2C](#appsec2){ref-type="sec"}). Importantly, TLQP-21 did not increase liver or quadriceps muscle fat content ([Figure S2E](#appsec2){ref-type="sec"},F), thus excluding that mild lipolysis would cause ectopic fat accumulation and associated lypotoxicity [@bib44]. Overall, the concomitant TLQP-21-induced moderate increase in circulating FFA and glucose-stimulated insulin secretion [@bib17], [@bib35] might compensate each other and result in no net change in glucose homeostasis.

Finally, we investigated the selectivity and specificity of the anti-obesity effect induced by TLQP-21/C3aR1. WT obese mice were treated with the R21A peptide, an inactive mutant of TLQP-21 in which the C-terminal Arginine~21~ is mutated to Alanine~21~ [@bib14]. As opposed to TLQP-21, the R21A peptide treatment had no effect on body weight, body composition, food intake, or energy expenditure ([Figure 4](#fig4){ref-type="fig"}A--D). Additionally, we injected HFD fed C3aR1 KO mice with saline or TLQP-21 using the same protocol previously described. TLQP-21 exerted no metabolic effect on C3aR1 KO mice ([Figure 4](#fig4){ref-type="fig"}E--H). Taken together the results obtained with the inactive R21A mutant and the C3aR1 KO mice indicate that TLQP-21 activation of C3aR1 is necessary and sufficient to explain its anti-obesity effect.

4. Discussion {#sec4}
=============

The development of anti-obesity drugs, which target adipocyte lipolysis has been thus far hindered by the occurrence of insulin resistance, lipotoxicity, and cardiovascular side effects [@bib8], [@bib10]. This study identified a novel pathway of controlled lipolysis mediated by the TLQP-21 peptide and the C3aR1 receptor that opposes obesity in absence of cardiovascular or metabolic side effects [@bib13], [@bib18], present study\]. We showed that TLQP-21 does not possess lipolytic properties *per se*. Rather, it enhances βAR-induced lipolysis in adipocytes via \[Ca^2+^\]~i~ mobilization and MAPK/ERK activation of HSL. Furthermore, we demonstrated that chronic peripheral TLQP-21 treatment exerts an anti-obesity effect in diet-induced obese mice requiring functional βAR and C3aR1 expression. The magnitude of TLQP-21-induced anti-obesity effect is relatively modest, yet robust, selective, and largely safe, overall paving the way for the development of more potent and stable analogues based on its mechanism of action.

The more potent and best characterized lipolytic pathways elicit Gs-mediated increase in cAMP/PKA or cGMP/PKG signaling resulting in a robust release of FFA, which is often associated with adverse effects [@bib8]. Activation of the TLQP-21/C3aR1 pathway significantly differs from the effects exerted by these potent lipolytic molecules. Firstly, it does not elicit lipolysis *per se*, but it only potentiates lipolysis in the presence of β-adrenergic receptor activation, which is the primary endogenous regulator of lipolysis. Consistently, its infusion does not result in a robust elevation of FFA *in vivo*, thus limiting the risk for side effects. Finally, it does not increase energy expenditure, blood pressure, or insulin resistance; rather, it normalizes obesity-associated hypertension and potentiates glucose-stimulated insulin secretion [@bib13], [@bib17], [@bib18], present study\]. Pharmacological treatment with TLQP-21 reversed obesity-induced downregulation of adipose βAR expression, suggesting that activating this pathway in obesity might reverse the lipolytic catecholamine resistance usually associated with obesity [@bib5]. The mechanism(s) responsible for the loss of fat mass in absence of increased energy expenditure or increased plasma/tissue lipids exerted by TLQP-21 are presently unknown. A similar decrease in fat mass in absence of a detectable increase in energy expenditure or decrease in food intake has previously been reported in humans and animal models testing different bioactive molecules [@bib45], [@bib46]. Similar to these studies, TLQP-21 could promote local, rather than systemic, chronic low-grade energy expenditure [@bib45] or futile cycles [@bib47] that are difficult to detect with whole body indirect calorimetry. Acute or sub-chronic peripheral TLQP-21 does not increase thermogenesis, suggesting that the brown adipose tissue (BAT) is not its main target organ [@bib13]. An alternative hypothesis is that TLQP-21 could concomitantly alter nutrient absorption from the gastro-intestinal tract [@bib48], [@bib49].

One explanation for the apparent safe pharmacological profile exerted by TLQP-21 is its mechanism of action. C3aR1 is considered a Gi/o-coupled receptor [@bib14], [@bib15], [@bib27], which, as we demonstrated, activates a calcium mediated signaling in adipocytes, which is unable to elicit lipolysis in absence of concomitant Gs/AC activation. We were unable to detect TLQP-21 induced increase in \[Ca^2+^\]~i~, using FURA-AM, a finding, which is consistent with lack of PLC/PKC phosphorylation induced by TLQP-21 in adipocytes [@bib13]. Conversely, our results are compatible with C3aR1 being coupled to a Ca^2+^ channel, such as a TRP channel [@bib50], [@bib51], eliciting a transient Ca^2+^ influx from the extracellular compartment as previously shown in neutrophils [@bib32], which is difficult to detect in adipocytes due to their limited cytoplasmic compartment. Furthermore, TLQP-21 has a lower potency in activating the C3aR1 compared to C3a [@bib14], [@bib15] while being more potent in eliciting lipolysis than C3a~70--77~ (which is ∼10 times less potent compared to C3a [@bib26], [@bib52]). Overall TLQP-21 appears to be an ideal target to develop C3aR1 agonists for obesity related conditions.

While the role of C3aR1 in the innate immune response is well established, this receptor is now emerging with a much broader pattern of tissue expression as well as biological activity than was previously recognized [@bib15], [@bib20], [@bib53], [@bib54]. Before TLQP-21 was identified as an endogenous ligand of C3aR1, limited work had been conducted on the role of this receptor on adipocyte function and metabolism [@bib15], [@bib20], [@bib55]. Knockout studies targeting C3, C3aR1, and VGF suggest direct involvement of this pathway in adiposity and energy balance [@bib20], [@bib56], [@bib57], [@bib58], [@bib59], [@bib60] while also highlighting the occurrence of uncharacterized compensatory effects leading to paradoxical overlapping phenotypes in ligands and receptor knockout strains. In obesity, a significant increase in adipose tissue C3aR1 expression has been found \[[@bib20]; present study\], which is paralleled by a concomitant increase of TLQP-21 binding affinity to adipocyte membranes [@bib13]. C3a, the first identified ligand for the C3aR1, is an anaphylatoxin molecule generated by the cleavage of C3 by C3 convertases [@bib54], [@bib61], [@bib62], [@bib63]. Importantly, serum carboxypeptidase rapidly regulates the activity of C3a by cleaving off C-terminal arginine residue (R77) generating a des-arginine peptide (also called acylation stimulated protein, ASP) [@bib60], [@bib64], which is inactive at C3aR1 and has been associated with triglyceride synthesis [@bib65]. Similar to C3a, TLQP-21 residues necessary for receptor activation are located at the C-terminus. By mutating Arginine~21~ into Alanine~21~ (R21A peptide) in the TLQP-21 sequence we generated an inactive peptide [@bib14]; present study\] that preserves its ability to bind to C3aR1 forming an α-helix [@bib14]. A putative TLQP-21-des arginine peptide has not been identified thus far [@bib12].

TLQP-21 is present in secretory vesicles in sympathetic nerve terminals where it co-localizes with tyrosine hydroxylase (TH), the rate limiting enzyme responsible for the biosynthesis of NE [@bib13]. Overall, available data support a model in which TLQP-21 and NE are co-secreted and the peptide activates a C3aR1/Calcium/ERK-mediated up-regulation of NE-induced HSL activation and lipolysis. C3a derived from the circulation or adipocyte secretion and cleavage of C3 can also exert a similar effect although this remains to be characterized in light of the ASP-mediated increase in triglyceride synthesis [@bib65]. Interestingly, the TLQP-21 effect on lipolysis is opposite to NPY-induced inhibition of adrenergic receptor-induced lipolysis [@bib66]. Similar to TLQP-21, NPY also localizes at the sympathetic nerve terminals with TH [@bib67]. These results suggest a complex regulation of sympathetically-secreted neurotransmitters and neuropeptides (NPY, TLQP-21) modulating lipolysis that can be targeted to finely tune lipolysis for therapeutic uses.

In conclusion, our study significantly advances the mechanistic understanding of lipolysis by identifying an alternative calcium-regulated pathway mediated by TLQP-21 and C3aR1. The mechanism that we identified could be targeted to safely treat obesity and reverse catecholamine resistance bypassing the side effects associated with the use of Gs-coupled receptor agonists and other potent pro-lipolytic mechanisms, which often lead to the development of insulin resistance and other metabolic diseases.
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![**TLQP-21 potentiates isoproterenol and forskolin-induced lipolysis**. (**A**) TLQP-21 potentiates ISO-induced lipolysis in 3T3-L1 adipocytes \[F (3,48) = 232.5, p \< 0.0001; ISO 50 nM, TLQP-21 100 nM\]. (**B**) C3a~70--77~ potentiates ISO-induced lipolysis in 3T3-L1 adipocytes \[F (3,17) = 23.83, p \< 0.0001; ISO 50 nM, C3a~70--77~ 100 nM\]. (**C**) TLQP-21 potentiates forskolin (Forsk)-induced lipolysis in 3T3-L1 adipocytes \[F (3,17) = 403.5, p \< 0.0001; Forsk 10 μM, TLQP-21 100 nM\]. (**D**) TLQP-21 Forsk-induced lipolysis in β-less adipocytes \[F (2,8) = 17.82, p = 0.0011; Forsk 10 μM\]. \*p \< 0.001, \*\*p \< 0.001, \*\*\*p \< 0.0001.](gr1){#fig1}

![**TLQP-21-induced lipolysis requires increased intracellular Ca**^**2+**^**and activation of MAPK/ERK pathway**. (**A--B**) TLQP-21 potentiation of ISO-induced lipolysis is blocked by the intracellular Ca^2+^ chelator BAPTA-AM (5 μM) \[F (5,98) = 36.4, p \< 0.0001, ISO 100 nM, TLQP-21 100 nM\], and the extracellular Ca^2+^ chelator EGTA (1 mM) \[F (5,100) = 40.04, p \< 0.0001, ISO 100 nM, TLQP-21 100 nM\]. (**C**) Pre-incubation (1hr) with the MAPK/ERK inhibitor U0126 (1 μM) prevents TLQP-21-induced lipolysis \[F (6,14) = 96.87, p \< 0.0001; ISO 50 nM, TLQP-21 100 nM\]. (**D**). Western blot analysis of ISO and TLQP-21 modulation of pERK and pHSL in presence and absence of U0126 (ISO 50 nM, TLQP-21 10 μM, U0126 1μM). (**E**) Proposed model of TLQP-21 induced pro-lipolytic effect. ns, non-significant, \*p \< 0.001, \*\*p \< 0.001, \*\*\*p \< 0.0001.](gr2){#fig2}

![**TLQP-21 acutely enhances ISO-induced lipolysis and chronically opposes obesity in WT but not β-less mice**. (**A**) TLQP-21 (40 μg i.v.) acutely prolongs ISO-induced increase of circulating free fatty acids (FFA) in rats (n = 8 for each group) \[F (2,18) = 2.7, p = 0.09\]. (**B--C**) TLQP-21 (5 mg/kg/d i.p.) reduces body weight \[F (1,90) = 36.89, p \< 0.0001\] and fat mass \[F (1,90) = 24.79, p \< 0.0001\], but not fat free mass in diet-induced obese wild type (WT) but not β-less mice (WT saline: n = 11; TLQP-21: n = 9; β-less saline: n = 12; TLQP-21: n = 11). (**D--F**) Relative gene expression in perigonadal white adipose tissue (pWAT) of WT and β-less mice fed standard diet (STD), saline associated with high fat diet (HFD), or TLQP-21 associated with HFD (TLQP-21, HFD) (β~3~-AR in WT, F (2,20) = 3.761, p = .043; C3aR1 in WT, F (2,20) = 13.18, p = .0002; C3aR1 in β-less, F (2,18) = 13.30, p = .0003), (N = 6--7 per group). Data represent the mean +/− SEM. \*p \< 0.05 \*\*p \< 0.01 \*\*\*p \< 0.001.](gr3){#fig3}

![**TLQP-21 activation of C3aR1 is necessary and sufficient for TLQP-21 anti-obesity effect**. Chronic R21A peptide (5 mg/kg/d i.p.), an inactive mutant of TLQP-21, does not alter body weight (**A**), fat mass (**B**), food intake, (**C**) and energy expenditure (**D**) in WT mice fed HFD (WT HFD saline: n = 11; WT HFD R21A: n = 6). Chronic TLQP-21 (5 mg/kg/d i.p.) treatment does not affect body weight (**E**), fat mass (**F**), food intake, (**G**) and energy expenditure (**H**) in C3aR1 KO mice fed HFD (HFD saline: n = 6; C3aR1 KO HFD TLQP-21: n = 7). Data represent the mean ± SEM.](gr4){#fig4}
